Abstract: We propose a broadband plasmonic logic source, which is a nanostructure composed of two parallel plasmonic gap waveguides coupled with dual square ring resonators aligned in a vertical or horizontal manner. The numerical simulations show that this configuration has up to 3-bit logic combinations for three output ports when the input port is illuminated with the combination of white sources and different wavelength filters. The three output ports of this plasmonic nanostructure can be used as the broadband illuminating sources for three input logic gates, such as the AND gate or the OR gate.
Introduction
Next-generation optical circuits with plasmonic components can overcome the limits of conventional optical and electronic integrated chips. Plasmonic waveguides in subwavelength dimensions with strong confinements of electromagnetic waves have already been investigated intensively [1] - [8] . In early studies, fundamental and intrinsic properties of plasmonic waveguides of different types [1] , [3] - [5] and efficient excitation approaches of these waveguides [5] , [9] , [10] were analyzed thoroughly and are well understood. Due to the inevitable ohmic losses of metal in optical wavelength ranges, later scientists focused on solving the critical problem of decreasing the plasmonic losses, for example, by using synthesized nanowires with single crystal structures [11] , hybrid structures of photonic and plasmonic components [12] , as well as gain materials [13] , [14] . Recently, various functional components and devices such as plasmonic laser [15] , [16] ; tunable plasmonic modulators [17] ; and plasmonic logic gates [18] - [20] have been developed. By arranging the above plasmonic devices properly, we can build up all-optical integrated plasmonic circuits with complete functions, which are comparable to that of electronic chips. As we know from electronic computations, arithmetic logic units (ALU) with the binary mathematics can be decomposed to basic logic gates. However, input light sources for parallel ports of these logic units are seldom discussed. There are several macroscopic methods which control the light sources outside the plane of the plasmonic components. Wei et al. demonstrated cascaded logic gates by using an optical setup, which first divided the optical beam to several beams, and then focused them on the input terminals of the logic gates [19] .
Different from the above mentioned macroscopic logic light sources, here we propose a broadband plasmonic logic source, which consists of dual parallel plasmonic gap waveguides and dual square ring resonators. The binary combinations of on/off states from the logic source can be externally controlled by using white light illuminations and different wavelength filters. The schematic view of this concept is shown in Fig. 1 . There are a few papers which discussed the behavior of optical devices based on plasmonic gap waveguides and coupled resonators [21] - [26] . Hosseini et al. proposed plasmonic resonators using rectangular shape [27] . However, they only considered waveguides and a coupled single resonator in which the power dropped in only one direction. By aligning dual plasmonic resonators vertically and horizontally, both backward and forward power drops can be achieved. The three output ports of the logic sources, which are the carrier of binary information, can behave as micro-inputs for plasmonic arithmetic logic units.
Waveguides and a Coupled Single Plasmonic Square Ring Resonator
In order to understand how the logic sources enable the functionality of various binary combinations for the output ports, first the property of the structure composed of waveguides and a single resonator is discussed. Afterwards the logic sources constructed with waveguides and dual resonators in different alignments are analyzed individually. The structure of Metal-Insulator-Metal (MIM) plasmonic gap waveguides is used in the coupled system, since strong confinements of the fields in this structure can contribute to ultra-compact dimensions of plasmonic logic sources. The dispersion relation of the two coupled plasmonic gap modes can be expressed as [28] shown in Fig. 3(a) . Fig. 3 (b) depicts the dependence of the coupling length L c ¼ =j s À a j on the wavelength from 500 nm to 2 m for different values of g1.
The schematic geometry of the proposed structure with waveguides and a coupled single square resonator is shown in Fig. 2(a) . The width of the air gap w 1 is fixed to 60 nm, which can be accessible for fabrication by means of focused ion beam system (FIB). The circumference of the resonator should satisfy the relation L t ¼ N 0 =n eff , where N is the mode number of the resonator, 0 is free space wavelength and n eff is the effective index of the fundamental MIM gap mode. At the resonance wavelength 0 ¼ 1:54 m, the dielectric constant of silver 2 ¼ À116:38 þ 11:1i, and n eff ¼ 1:362 þ 0:01389i when w 1 ¼ 60 nm. Since the coupling principle between the MIM gap modes is evanescent coupling of fields through metals sandwiched in between insulator gaps, coupling efficiencies decrease dramatically with increased widths of sandwiched metal gaps, as shown in Fig. 3(b) . Therefore, the coupling efficiency between the straight waveguides and the curved part of the resonator for the circular ring resonator is extremely low. Since the sandwiched metal gaps keep constantly small widths for the coupling between straight waveguides and square ring resonators, the structure with a square ring shape can have a much better performance. The height and the length of the resonator L are set to 471 nm, and the radius of the corner r is 60 nm}, for which the bending loss is neglectable [27] . The circumference of the resonator L t ¼ 4L þ 2r fulfills the above relation when N ¼ 2 at 0 ¼ 1:54 m.
At resonance, the propagating power flow in waveguide a is transferred to modes of the square resonator, which in turn decays into waveguide a and b. The transmission power in output port 1 will drop completely when the input signal and the back coupled wave from the resonator to port 1 interfere destructively. We simulate the system of waveguides and a coupled single resonator or dual resonators by finite element method COMSOL. In order to minimize the transmission power from port 1 and 3, we optimize the film thickness between the waveguide and the resonator g1, which represents directly the coupling constant of two neighboring gap modes. As shown in Fig. 3(c) , the normalized power transmission from output port 1 and 3 is À18.6 dB and À25.4 dB when the frequency is 2:81 Â 10 14 Hz ð ¼ 1:07 mÞ for g1 ¼ 10 nm. Complete backward power drop is realized and the power transferred to port 2 is À2.9 dB (51.3%). The lost power is due to the inherent attenuation losses in metallic structures. From Fig. 3(c) , we can see that as g1 increases from 10 nm to 30 nm when the frequency is 2:81 Â 10 14 Hz, complete power drop can not be realized anymore, and the backward dropped power in port 2 decreases. It is because the coupling coefficient between the resonator and the waveguide decreases dramatically and the coupling length increases to 3.04 m ðg1 ¼ 30 nmÞ. However, the coupling length decreases as the frequency increases, and the power transmission at port 1 reaches À17.2 dB when the frequency is 4:72 Â 10 14 Hz. This enables almost complete power drop for g1 ¼ 20 nm. Unfortunately, no complete power drop is observed for g1 ¼ 30 nm in the interested wavelength range. For larger value of g1, the spectrum becomes narrower and the quality factor increases. However, this is at the expense of much lower power transmission at port 2. Therefore, g2 ¼ g3 ¼ g4 ¼ 10 nm in Fig. 2(b) and (c) are chosen to ensure that the dropped power from two coupled resonators is large enough. The color insets in Fig. 3(c) are the H z field distributions corresponding to different modes when N ¼ 2, 3, 4, 5. For each mode, the peak position of the spectrum is blue shifted for g1 ¼ 30 nm compared to 10 nm. This is because that the coupling lengths for higher frequencies are smaller which can compensate the larger coupling lengths for larger values of g1.
Waveguides and Coupled Dual Square Ring Resonators in Horizontal Alignment
By combining two square resonators in parallel direction, both forward and backward power drops at specific wavelength ranges are realized. The above mentioned size of the single resonator is used for the dual ring resonators. The geometry schematic view is shown in Fig. 2(b) , in which g2 ¼ w 2 ¼ 10 nm. The spectrum of the normalized transmission at the three output ports is shown in Fig. 4(a) . The FWHM values of the peaks at the wavelengths of 1 , 2 and 3 in the normalized transmission spectra are 93 nm (black line for port 1), 240 nm (blue line for port 3), and 180 nm (black line for port 1), respectively. Due to large dissipative losses, the quality factor of the coupled structure is only 12 for 1 , which is expectably much smaller than that of regular dielectric ring resonators. However, the extremely small effective mode volume ðV eff Þ of the structure can compensate for the low quality factor ðQÞ, leading to a high value of 94 for the corresponding Purcell factor ð3Q 3 =ð4 2 V eff ÞÞ. Fig. 4(b)-(d) show the distributions of the magnetic field H z and the power flows in x and y directions in the case of backward and forward power drop, as well as power going through in non-resonant case. At the wavelength of 3 ¼ 1:59 m, as depicted in Fig. 4(b) , most of the output power flow is backward dropped to port 2. Due to the relatively long wavelength, the coupling length between the waveguide and the resonator is 1.4 m. The power inside waveguide a [see Fig. 2(b) ] is not completely transferred to the first left resonator after the wave propagates along the side length L of the square resonator, hence the remaining power will continue to couple with the second right resonator. The mutual coupling between the resonators is much weaker compared to the coupling effect between waveguide a and the resonators. From  Fig. 4(b) , it is seen that the distributions of the magnetic field H z in the two resonators are symmetric relative to the mirror plane M1 at the center of the resonators. And the power flows in the two resonators are both in clockwise direction and therefore they are anti-symmetric relative to the mirror plane M1. In the meanwhile, the distributions of the electric field E x are antisymmetric relative to the mirror plane M1 which are not shown in the figure. The coupling behavior of the dual-ring resonators is similar to the backward power drop of a single resonator. The waves coupled from the two resonators to waveguide b should interfere constructively to ensure the power is flowed backwards. However, at the wavelength of 1 ¼ 1:12 m, as shown in Fig. 4(c) , forward drop of the power to port 3 is demonstrated. At this wavelength, the resonator is on the third order mode resonance, and the coupling length between the waveguide and the resonator is as small as 906 nm so that the wave is almost completely transferred from waveguide a to the first left resonator. Afterwards the power is coupled from the left to the right resonator, since it is clearly shown that there is a phase delay of the magnetic field H z in the right resonator relative to the left one in Fig. 4(c) . The direction of the power flow in the left resonator is clockwise, while it is counter-clockwise in the right one. Thus the power flow is symmetric relative to the mirror plane M1. In the non-resonant case when the wavelength is Based on the behavior of power forward and backward drops at the specific geometry design, up to three-bits binary information of on/off states for output ports has the functionality to behave as plasmonic logic sources. Fig. 5(a) depicts distributions of the power flows for different combinations at various wavelengths. The threshold of the normalized transmissions is set to À16 dB, which means that the transmission larger than this value is 1 and smaller 0. The summarized information of 3-bit logic combinations is given in Fig. 5(b) . The combination of 001 or 010 represent the case of complete power forward or backward drop with nearly a zero transmission at port 1. The combination 011 means the power is completely transferred to both the forward and the backward directions. The combination 101 or 110 means the power is flowed to the forward or the backward direction with a non-negligible transmission at port 1. The non-resonant case contributes to the combination 100, and the state 111 means the power splits into all of the three ports.
Waveguides and Coupled Dual Square Ring Resonators in Vertical Alignment
In addition to logic sources constructed with dual resonators in horizontal alignment, it is also investigated that two square-shape resonators are aligned vertically between input waveguide a and output waveguide b. Both the height and the width of the resonator are fixed to 471 nm. The schematic configuration is shown in Fig. 2(c) . The horizontal shift distance between the two resonators is defined as s ¼ x 2 À x 1 . Fig. 6(a) compares the spectra of the single resonator and the dual-resonators coupled systems. At resonance, the normalized power through port 1 is À9.1 dB for the single resonator and À11.4 dB for the dual-resonators with the horizontal shift s ¼ 200 nm. The normalized transmission through the non-power dropped port decreases to À22.5 dB for the dual-resonators with s ¼ 200 nm compared to À10.1 dB for the single resonator. It is found that the 3 dB bandwidth is 140 nm for the dual-resonator coupled structure with s ¼ 200 nm, whereas it is 242 nm for the single resonator system. Thus, the quality factor ðQÞ of the dual-resonator structure is larger than that of the single resonator. Due to the geometry design, the spectra of the dual-resonator configurations split into double peaks of the symmetric mode and the anti-symmetric mode. The field distributions of H z in the case of s ¼ 0 are shown in Fig. 6(b) and (c) .
Conventional micro-ring resonators and whispering gallery modes which are much larger than the wavelength scale are based on the mechanism of total internal reflection. Thus, the power direction in the coupled resonator is the same as that in the input waveguide. However, the coupling mechanism of dual-resonators with sizes in the subwavelength range may differ from previous cases. Since the size of the square resonator is much smaller than the working wavelength, the modes are not propagating waves anymore, but rather standing waves with resonant states [29] , [30] . Thus, in the case of two coupled resonators, the wave power in coupled resonator d shown in Fig. 2(c) can be the same or reversed compared to resonator c. By controlling the relative position of the two resonators in horizontal direction which represents the coupling coefficients of the two resonators, both forward and backward power drops are obtained in the configuration of the vertically coupled dual-resonators system. Fig. 7(a) and (d) show the normalized transmission spectra for different coupling strengths of the two resonators. The FWHM values are 41.5 nm in Fig. 7 (a) and 140 nm in Fig. 7(d) , and the quality factor of the weak coupled system is higher than that of the strong coupled one. In the case of the weak coupling when s ¼ À400 nm, as shown in Fig. 7(c) , the directions of the power flow in the two resonators are both clockwise, and they are anti-symmetric respective to the mirror plane M2 in Fig. 2(c) . Therefore the power is transferred backward to port 2. Fig. 7(f) shows that when s ¼ 200 nm for a stronger coupling strength of the two resonators, the power flow direction is clockwise and anti-clockwise, respectively. This leads to forward power drop to port 3. Similar to the parallel dual-resonators coupled system, the vertically aligned dual-resonators can also selectively pick different wavelengths with up to 7 combinations of output port distributions. Fig. 8(a) depicts the distributions of the power flows to the three ports with different combinations at various wavelengths. The threshold of the normalized transmission is set to À14 dB. The summarized information of 3-bit logic combinations is given in Fig. 8(b) . The combination 000 appears since at the dip position of the transmission spectrum for port 1, the backward dropped power (À15 dB) at port 2 is too weak to exceed the threshold. Zero power transmission through port 1 is not achievable in the case of backward power drop, thus all other possible combined states are presented except the 010 state. Finally, the digital flow of these binary combinations can be transferred from the outputs of the logic sources to the inputs of the logic units.
Although plasmonic logic gates based on nanowires have already been demonstrated, there are no more than three logic input terminals which is limited by the macroscopic illumination method. The output terminals from our proposed structures can serve as microscopic input sources for plasmonic arithmetic logic units. Following the concept and the methodology, it is possible that more innovative and optimized plasmonic coupled resonant structures with more than three output terminals will be designed. This is of significant importance to increase possibilities, complexities and completions of plasmonic logic arithmetic calculations in the future.
Conclusion
In a summary, we demonstrate a broadband plasmonic logic input nano-source, which has the advantage that binary information of the three output ports can be externally controlled by white light illuminations and different wavelength filters. The optical properties of the structures composed of dual waveguides and coupled dual resonators with horizontal and vertical alignments are numerically simulated and analyzed using finite element method. Up to 3-bit logic combinations from the logic sources can be employed as micro-inputs for plasmonic arithmetic logic units. This concept will have a creative potential in future all-optical computation units. 
